INTRODUCTION
The innate immune response to microbial pathogens is critical for host defense. Evolutionarily conserved pattern recognition receptors (PRRs) recognize microbial components, termed pathogen-associated molecular patterns (PAMPs), present in all microbes of a given class but absent from the host (Janeway and Medzhitov, 2002) . Two classes of PRRs include the Toll-like receptors (TLRs) and the nucleotide-binding oligomerization domain-leucine-rich repeat receptors (NLRs). TLRs detect either extracellular or endosomally localized PAMPs, such as bacterial LPS or lipoteichoic acid, or viral nucleic acids, and induce proinflammatory gene expression through NF-kB, IRF, and MAP kinase (MAPK) signaling pathways (Akira et al., 2001) . In contrast, NLRs detect microbial components within the cytosol or microbial infection-associated activities and, depending on the NLR, can signal either induction of proinflammatory gene expression or assembly of caspase-1-activating protein complexes termed inflammasomes (Chen et al., 2008; Martinon et al., 2002) .
Inflammasome assembly is necessary for the activation of procaspase-1 in response to bacterial, fungal, and viral pathogens as well as certain noninfectious stimuli (Martinon et al., 2009 ). Caspase-1 activation is necessary for cleavage and secretion of the active forms of the proinflammatory cytokines IL-1b and IL-18 (Mariathasan and Monack, 2007) , as well as for unconventional secretion of a variety of other proteins . Caspase-1 activation in response to bacterial infections also induces a rapid proinflammatory cell death termed pyroptosis (Cookson and Brennan, 2001) . Distinct stimuli are thought to trigger assembly of different inflammasomes defined by particular NLRs and the adaptor protein ASC. Specifically, the NLRP3 inflammasome is activated in response to a wide variety of stimuli, such as bacterial pore-forming toxins, ionophores, and noninfectious crystals (Cassel et al., 2008; Mariathasan et al., 2006; Martinon et al., 2006) . The NLRP3 inflammasome can be induced via potassium efflux (Petrilli et al., 2007) and requires generation of reactive oxygen species (Dostert et al., 2008) or lysosomal disruption (Hornung et al., 2008) . In contrast, the NLRC4 inflammasome is activated in response to bacterial flagellin delivered into the cytosol of the infected cell during Salmonella or Legionella infection (Franchi et al., 2006; Miao et al., 2006; Molofsky et al., 2006; Ren et al., 2006) , while flagellin is dispensable for activation of the NLRC4 inflammasome in response to Shigella and some Pseudomonas infections (Sutterwala et al., 2007; Suzuki et al., 2007) .
Although a common feature of bacterial stimuli that trigger inflammasome activation is the presence of either pore-forming toxins or virulence-associated secretion systems, the precise signals that lead to inflammasome assembly during bacterial infection are not clear. Bacterial type III and type IV secretion systems (T3SS and T4SS, respectively) deliver effector proteins into the host cell that disrupt cellular processes in order to promote bacterial replication (Galan and Wolf-Watz, 2006) . Disruption of membrane integrity by bacterial toxins and secretion systems, as well as activities of virulence factors themselves, have been proposed as a signal of pathogen presence that induces membrane repair and innate immune responses (Gurcel et al., 2006; Vance et al., 2009 ). Bacterial virulence strategies can involve interference with essential components of immune signaling pathways, such as MyD88 and NF-kB (reviewed in Brodsky and Medzhitov, 2009) or evasion of innate immune recognition by modifying LPS (Montminy et al., 2006) . However, how bacterial pathogens interfere with inflammasome-based detection of their secretion systems is poorly understood.
Pathogenic Yersiniae, which comprise Y. pestis, the causative agent of plague, and the two enteric pathogens, Y. pseudotuberculosis and Y. enterocolitica, express a T3SS encoded on a common virulence plasmid (Cornelis and Wolf-Watz, 1997) . The Yersinia effectors, termed Yops, disrupt key cellular signaling pathways of both the innate and adaptive immune response (reviewed in Viboud and Bliska, 2005) . Inhibition of NF-kB and MAPK signaling by Yersinia YopJ/YopP during infection of macrophages induces caspase-1-independent apoptosis (Denecker et al., 2001) . Nonetheless, caspase-1 is activated during YopJ-induced apoptosis in macrophages infected with Y. pestis (Lilo et al., 2008) . In addition, macrophage activation can shift the balance from YopJ-dependent apoptosis to a YopJ-independent, caspase-1-mediated cell death following Yersinia infection (Bergsbaken and Cookson, 2007) . However, the role of different inflammasomes during Yersinia infection and the contribution of caspase-1 to anti-Yersinia host defense is unknown.
Because a common feature of caspase-1 activation in response to bacterial infection is the presence of virulence-associated secretion systems, we considered the possibility that the Yersinia T3SS itself might act as a trigger of caspase-1 activation. Indeed, pore formation by the Yersinia T3SS can trigger secretion of IL-1b from infected cells (Bergsbaken and Cookson, 2007; Shin and Cornelis, 2007) . We also hypothesized that lack of caspase-1 activation in naive macrophages infected by YopJ-deficient bacteria could be due to inhibition of inflammasome activation by another Yersinia virulence factor. Here we demonstrate that the Yersinia T3SS triggers ASC-dependent inflammasome activation and that both NLRP3 and NLRC4 contribute separately to caspase-1 activation in response to the T3SS. We further show that a T3SS-secreted protein, YopK, interacts with the T3SS translocon and prevents T3SS-induced inflammasome activation. Importantly, preventing inflammasome activation results in decreased serum IL-18 and enhanced survival of YopK-expressing bacteria during infection in vivo. Our data demonstrate that recognition of the T3SS contributes to bacterial clearance by the innate immune system, and define a virulence factor that promotes bacterial survival in vivo by preventing T3SS recognition. Preventing inflammasome activation by interfering with recognition of secretion systems appears to be a strategy for bacterial evasion of host immune responses.
RESULTS
Yersinia T3SS Triggers Inflammasome Activation in the Absence of either NLRC4 or NLRP3 Death of naive macrophages infected by pathogenic Yersiniae is independent of caspase-1 and requires inhibition of NF-kB-and MAPK-dependent gene expression by the Yersinia virulence factor YopJ (Denecker et al., 2001; Lilo et al., 2008; Zhang et al., 2005) . However, naive macrophages infected with yopJ mutant Yersinia do not undergo cell death despite the presence of a functional bacterial T3SS. We therefore investigated whether a Yersinia virulence factor might prevent caspase-1 activation in response to the T3SS. Accordingly, Y. pseudotuberculosis containing a modified mCD1 virulence plasmid from Y. pestis that contains all of the genes necessary to assemble a functional type III secretion system (T3SS) but lacks all other translocated virulence factors (Bartra et al., 2006) induced caspase-1 activation in primary bone marrow-derived macrophages (BMMs). In contrast, YopJ-, YopEJ-, or YopEHJ-deficient bacteria failed to induce caspase-1 activation ( Figure 1A and see Figure S1A available online). We subsequently refer to the Y. pseudotuberculosis strain containing mCD1 as T3SS. These data indicated that the Yersinia T3SS triggers caspase-1 activation and that a Yersinia protein distinct from YopE and YopH prevents T3SS-induced inflammasome activation. Both the Yersinia T3SS strain and Salmonella enterica serovar Typhimurium (S. typhimurium) triggered rapid caspase-1 activation in infected cells; in contrast, YopJ-dependent activation of caspase-1 by wild-type (WT) Yersinia did not occur until at least 2 hr postinfection ( Figure 1A and Figure S1A ).
To determine the nature of the inflammasomes activated by Yersinia infection, we infected BMMs from mice deficient in various inflammasome components. YopJ-dependent activation of caspase-1 did not require ASC, whereas absence of ASC abrogated caspase-1 activation in response to both the T3SS and S. typhimurium ( Figure 1B ). Caspase-1 activation in response to either T3SS or WT Yersinia also did not require NOD1, NOD2, RIP2, or P2X7 (data not shown). Caspase-1 was still activated in WT and T3SS Yersinia-infected BMMs from Nlrc4 À/À or Nlrp3 À/À mice, indicating that inflammasome activation in response to YopJ and the T3SS could occur in the absence of either NLRC4 or NLRP3 ( Figure S1B ). However, direct comparison of caspase-1 activation by the Yersinia T3SS in cells deficient in ASC, NLRC4, and NLRP3 revealed significantly less caspase-1 activation in Nlrp3 À/À BMMs than in either B6 or Nlrc4 À/À BMMs, suggesting a key role for NLRP3
in Yersinia T3SS-induced inflammasome activation ( Figure 1C ). YopE can limit T3SS-induced pore formation in infected cells (Schotte et al., 2004; Viboud and Bliska, 2001 ). However, we did not observe a role for YopE in inducing or inhibiting caspase-1 activation ( Figure S1A ). Additionally, in-frame deletion of the flagellin encoding gene fliC did not diminish caspase-1 activation in Yersinia-infected cells ( Figure S2 ), consistent with observations that T3SS-inducing conditions repress Yersinia flagellar gene expression (Minnich and Rohde, 2007) . These data suggested that two distinct pathways trigger caspase-1 activation in Yersinia-infected cells: one pathway is YopJ dependent but is independent of ASC, NLRC4, or NLRP3, while the other pathway responds to the Yersinia T3SS, requires ASC, and involves NLRP3 as well as potentially other inflammasomes.
Yersinia T3SS-Induced Macrophage Cell Death Requires Caspase-1 Consistent with the rapid activation of caspase-1 by the T3SS, we observed significant cell death, as measured by LDH release, in T3SS-infected cells within 2 hr postinfection, whereas WT-infected cells did not release measurable levels of LDH until 4 hr postinfection (Figure 2A ). Bacteria lacking YopJ or YopEHJ did not induce LDH release, consistent with the lack of caspase-1 activation in these cells (Figure 2A and data not shown). Interestingly, ASC was not required for LDH release from either T3SS-or WT-infected cells ( Figure 2B ). NLRC4 was also dispensable for LDH release in cells infected with either T3SS or WT bacteria, in contrast to those infected with S. typhimurium, ( Figure 2C ). Caspase-1 was necessary for LDH release in cells infected with the T3SS, in contrast to WT-infected cells ( Figure 2D ), which undergo a caspase-1-independent, YopJ-dependent cell death (Denecker et al., 2001; Lilo et al., 2008) . These data indicate that the Yersinia T3SS induces macrophage death through a caspase-1-dependent, ASC-independent pathway distinct from the YopJ-dependent death induced by WT Yersinia.
YopK Prevents Inflammasome Activation in Response to the T3SS
The absence of caspase-1 activation and LDH release in cells infected with either YopJ-deficient or YopEHJ-deficient bacteria suggested that a protein lacking in the T3SS strain prevents inflammasome activation in cells infected with YopJdeficient bacteria. We hypothesized that YopK, previously suggested to modulate the size of the T3SS-induced pore (Holmstrom et al., 1997) , might fulfill this role. Indeed, BMMs infected with a T3SS strain expressing YopK failed to induce caspase-1 activation upon bacterial infection ( Figure 3A ). Conversely, deletion of both yopJ and yopK resulted in robust activation of caspase-1, in contrast to bacteria lacking either yopJ alone or yopEHJ, confirming that YopK is necessary and sufficient to inhibit inflammasome activation triggered by the T3SS (Figure 3B ). The yopJK strain also induced an ASC-dependent caspase-1 activation, similar to the T3SS strain (Figures 3C). Furthermore, YopK prevented caspase-1-dependent pyroptosis in response to the T3SS, as no LDH release occurred in cells infected by bacteria expressing YopK ( Figure 3D , DJ versus DJK, and T3SS versus T3SS pYopK). Consistent with ASC-independent release of LDH in T3SS-infected cells, LDH release was also independent of NLRP3 ( Figure 3D , compare upper and lower panels). Addition of extracellular potassium or the reactive oxygen scavenger NAC, both of which can prevent activation of the NLRP3 inflammasome, did not prevent activation of caspase-1 in response to infection with either the T3SS or the WT Yersinia strains ( Figure 3E and data not shown). Consistent with our previous observations, in-frame deletion of fliC in the DyopJK strain or absence of NLRC4 also did not prevent caspase-1 activation in response to the T3SS ( Figures  S2B and S2C ).
YopK Prevents NLRP3-Dependent Processing and Release of IL-1b
We next examined whether YopK-mediated interference with inflammasome activation in response to the T3SS would also prevent IL-1b secretion. Synthesis of pro-IL-1b requires proinflammatory stimuli such as LPS or TNF-a (Mariathasan and Monack, 2007) . In the absence of LPS pretreatment, we did not observe robust levels of IL-1b release from cells infected with any of the bacterial strains (data not shown). This was most likely due to inhibition of NF-kB and MAPK signaling by WT bacteria and the rapid caspase-1-dependent cell death induced by T3SS bacteria. However, LPS pretreatment of macrophages allowed a robust IL-1b secretion in response to both the T3SS strain and the DJK strain, which required YopB-dependent pore formation and was substantially reduced in cells infected with T3SS pYopK or DJ strains ( Figure 4A and Figure S3A ). As expected, IL-6 and TNFa secretion was independent of both the T3SS and YopK ( Figures 4B and 4C ). Both NLRP3-and ASC-deficient macrophages secreted substantially lower amounts of IL-1b, in accordance with their reduced levels of active caspase-1 ( Figure 4A ). As expected, secretion of IL-18 by Yersinia-infected cells was similar to that of IL-1b ( Figure S3B ). Furthermore, mature IL-1b was detected in macrophage supernatants from WT macrophages infected with the DJK strain, but not the DJ or DJKB strain, which lacks the translocon component YopB ( Figure 4D , left panel). In contrast, only S. typhimurium and not the Yersinia T3SS induced processing and secretion of IL-1b in NLRP3-deficient macrophages, despite the presence of substantial amounts of pro-IL-1b protein in these cells ( Figure 4D , right panel). Collectively, these data demonstrate that the NLRP3 inflammasome plays an important role in processing and secretion of IL-1b in response to the Yersinia T3SS.
Secretion of IL-1b in response to the Yersinia T3SS also did not require NLRC4 and was unaltered by the absence of fliC, consistent with the observation that NLRC4 and flagellin were not required for caspase-1 activation in Yersinia-infected cells ( Figure S3C ). However, in cells treated with extracellular KCl to inhibit the NLRP3 inflammasome, WT BMMs infected with the DJK strain still secreted some IL-1b, whereas IL-1b was undetectable in supernatants of NLRC4-deficient cells or cells treated with LPS+ATP ( Figure 4E ). This suggested that NLRC4 might play a role in inflammasome activation and IL1b release during Yersinia infection. Consistently, infection of cells with DJK bacteria indicated that while robust caspase-1 activation was observed in WT BMMs treated with KCl or untreated NLRC4-deficient cells, active caspase-1 was nearly absent in NLRC4-deficient cells treated with KCl ( Figure 4F ). Together these data suggest that NLRP3 and NLRC4 inflammasomes play independent or additive roles in caspase-1 activation in response to the Yersinia T3SS. Interestingly, despite the presence of detectable caspase-1 activation in macrophages infected with WT Yersinia, no active caspase-1 or secreted IL-1b was detected in WT Yersinia-infected macrophages that were pretreated with LPS ( Figure 4A and Figure S4 ).
YopK Interacts with the T3SS Translocon
YopK could be translocated into the cytoplasm of infected cells and interfere directly with inflammasome activation, or could modify the structure of the T3SS or translocon itself, thereby preventing host detection of the T3SS. Coinfection of cells with T3SS and T3SS pYopK bacteria did not prevent caspase-1 activation, suggesting that YopK does not prevent caspase-1 activation by another T3SS in trans ( Figure S5A ). YopK is reported to be both translocated and tightly associated with the bacteria during infection (Garcia et al., 2006; Holmstrom et al., 1997) . We therefore generated reporter constructs to assess the translocation and intracellular location of YopK. A YopK-GSK-3b fusion that is phosphorylated only upon delivery of the tagged protein into infected cells demonstrated that YopK was indeed translocated into the cytosol of infected cells by the T3SS (Figure 5A and Figure S5B ). However, fluorescence microscopy analysis of cells infected with bacteria expressing YopK-FLAG showed that YopK was not detected within the cytoplasm of the host cell ( Figure 5B ). Neither of these C-terminal tags affected YopK function in blocking caspase-1 activation ( Figures S5C and  S5D ). Together these data support a model in which YopK is translocated through the T3SS and interacts with the intracellular portion of the translocon to either modulate or block subsequent translocation events or to modify the structure of the translocon itself so as to prevent its detection by the immune system. Consistent with YopK being associated with the translocon, both YopD and YopK coimmunoprecipitated with YopB ( Figure 5C ). This immunoprecipitation was specific, as neither YopD nor YopK were immunoprecipitated in the absence of YopB. The inability to immunoprecipitate YopK in the absence of YopB was not due to lack of YopK expression, as equal levels of YopK were observed in both strains ( Figure 5C, right panel) . Together these data demonstrate that YopK associates with the T3SS translocon.
Inflammasome-Mediated Responses to the Yersinia T3SS Promote Bacterial Clearance YopK-deficient Yersinia are attenuated following both oral and intraperitoneal infection of mice (Holmstrom et al., 1995) . We therefore investigated whether prevention of inflammasome activation by YopK might play a role in Yersinia virulence in vivo. Consistent with previous reports, mice infected intraperitoneally with YopK-deficient bacteria had reduced bacterial loads in the spleen compared to mice infected with bacteria expressing YopK (Figures 6A and 6B ). Caspase-1-deficient mice had substantially higher levels of YopK-deficient bacteria, suggesting that YopK interference with caspase-1 activation might contribute to bacterial survival in host tissues. However, WT and YopJ-deficient bacteria also showed higher bacterial loads in Casp1 À/À mice than did isogenic yopK mutants, suggesting that in the context of other virulence factors YopK plays further roles in virulence in addition to preventing caspase-1 activation. Importantly, the increased bacterial load of yopK mutant bacteria observed in the Casp1 À/À mice was not the result of a generalized defect in antibacterial responses, as WT and Casp1 À/À mice had equivalent levels of phoP mutant Yersinia in the spleen at 4 days postinfection ( Figure S6A ). We therefore investigated how inflammasome-mediated recognition of the T3SS itself might contribute to bacterial clearance. WT mice infected with a T3SS vector control strain had markedly lower levels of bacteria in the spleen 4 days postinfection than the T3SS pYopK strain ( Figure 6C ). This was not due to a difference in initial colonization, as equivalent levels of bacteria were found in the spleens of infected mice 24 hr postinfection ( Figure S6B ). The T3SS strain replicated to significantly higher levels in mice lacking ASC, although the bacterial loads of the T3SS vector strain in Asc À/À mice were still lower than those of T3SS pYopK. However, in Casp1 À/À mice T3SS and T3SS pYopK infections resulted in equivalent bacterial loads, which were similar to those observed for the T3SS pYopK strain in WT mice ( Figure 6C ). These data demonstrate that caspase-1-dependent responses against the Yersinia T3SS are critical for bacterial clearance, and preventing this response enhances bacterial survival within infected tissues. The data further suggest that ASC plays an important role in the response against the T3SS strain but that caspase-1-dependent, ASCindependent responses also contribute to bacterial clearance. Consistent with increased inflammasome activation, mice infected with the T3SS strain had substantially higher levels of serum IL-18 than mice infected with T3SS pYopK, which was ASC and caspase-1 dependent ( Figure 6D ). This contrasted with serum IL-6, which was independent of ASC and caspase-1 ( Figure 6E ). Interestingly, although NLRP3 was important for IL-1b and IL-18 secretion by BMMs in vitro, NLRP3 was not essential for bacterial clearance, as the bacterial load of the T3SS strain in Nlrp3 À/À mice was indistinguishable from that of WT mice ( Figure 6C ). These data suggest that
Cell Host & Microbe
Yersinia YopK Prevents Inflammasome Activation although NLRP3 is responsible for the majority of caspase-1 activation in cultured macrophages, additional inflammasomes, potentially the NLRC4 inflammasome, contribute to the response against the T3SS in vivo. Levels of T3SS pYopK bacteria were also significantly higher than the T3SS vector strain in Peyer's patches and mesenteric lymph nodes following oral infection, and this difference was also absent in caspase-1-deficient mice ( Figures 6F and 6G ). Together, these data demonstrate that caspase-1 plays an important role in the recognition and clearance of bacteria expressing the T3SS in vivo, and show that interference with inflammasome recognition of the T3SS by bacterial pathogens promotes bacterial survival.
DISCUSSION
A key feature of mammalian bacterial pathogens is the expression of pore-forming toxins or virulence-associated secretion systems, which deliver virulence factors that modulate or disrupt host cell physiology. An important aspect of the host response to these secretion systems involves assembly of inflammasomes, multiprotein complexes necessary for activation of caspase-1, secretion of caspase-1-dependent proteins, and triggering of a caspase-1-dependent cell death termed pyroptosis. Here we demonstrate that the bacterial pathogen Yersinia utilizes the virulence protein YopK to promote bacterial survival in vivo by interfering with detection of the Yersinia T3SS by the inflammasome. We further find that YopK functions not by interacting with host proteins but by interacting with the T3SS itself, thereby preventing recognition of the T3SS by the host cell. The presence of a T3SS appears to be preferentially associated with pathogenesis among bacteria that colonize mammals, although in plants and invertebrates T3SS are associated with both pathogenic and mutualistic interactions (Coombes, 2009) . Although TLRs that detect bacterial structures such as LPS and lipoteichoic acid are essential for host defense against bacterial 
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Yersinia YopK Prevents Inflammasome Activation infection, they also play an important role in the homeostasis and development of mucosal tissues (Rakoff-Nahoum et al., 2004) . It is therefore possible that additional signaling pathways respond to specific features of pathogens. As the T3SS is often required for pathogenesis, its detection by the host might serve to induce pathogen-specific responses. Recent work has highlighted the existence of specific gene transcription programs induced by bacterial type III and type IV secretion systems (Auerbuch et al., 2009; Shin et al., 2008) . However, host mechanisms to detect and eliminate pathogens impose a selection pressure on pathogens to evade immune detection. Our data provide evidence for a mechanism utilized by bacteria to prevent detection of the T3SS by host immune cells and thereby avoid activation of inflammasome-dependent immune responses. Several bacterial pathogens are reported to interfere with inflammasome activation: the T3SS of Pseudomonas aeruginosa activates the NLRC4 inflammasome, and this activation is blocked by the secreted bacterial phospholipase, ExoU (Sutterwala et al., 2007) ; M. tuberculosis also activates caspase-1 through mechanisms involving both NLRC4 and NLRP3, and this activation is inhibited by the zinc metalloprotease, Zmp1 (Master et al., 2008) . The trigger(s) of inflammasome induction by M. tuberculosis and the mechanism of its inhibition by Zmp1 are not defined. ExoU blocks inflammasome activation in a manner that is dependent on its enzymatic activity but triggers a caspase-1-independent cell death. The T3SSs of Pseudomonas and Yersinia share a similar architecture (Cornelis, 2006) . However, while inhibition of inflammasome activation by ExoU induces a caspase-1-independent cell death, YopK prevents T3SS-induced caspase-1 activation as well as cell death. Thus, the interaction of the Yersinia T3SS and YopK with the host cell is distinct from both of these mechanisms in that YopK functions to prevent cellular detection of T3SS activity, thereby preventing the host from recognizing the presence of Yersinia as a pathogen. This type of strategy appears analogous to modification of LPS or flagellin to avoid recognition by TLR4 and TLR5, respectively. Indeed, Yersinia LPS is modified during in vivo infection such that it is a poor agonist of TLR4, and artificially enhancing its stimulatory capacity results in TLR4-dependent attenuation of bacterial replication (Montminy et al., 2006) . YopK represents a conceptually similar but mechanistically distinct strategy that also enables Yersinia to avoid triggering inflammasome activation.
YopK is unique among bacterial virulence factors in that it has no primary sequence homology to any protein outside of the pathogenic Yersinia species and, once translocated into the A) BMMs were infected with T3SS expressing either empty vector control (vector), YopK expression plasmid (pYopK), or a GSK-3b-tagged YopK expression vector (pYopK-G). Whole-cell lysates were harvested and blotted for phospho-GSK-3b to determine the extent of translocation. (B) T3SS containing either pYopK-3XFLAG or vector control were used to infect BMMs on glass cover slides and stained with DAPI (top row), anti-FLAG (second row), or anti-total Yersinia (third row) antibodies. The bottom two panels are merged images. Arrowheads indicate colozalization of FLAG and Yersinia staining. Scale bar, 10 mM. (C) HeLa cells were infected with bacterial DyopJK bacteria containing vector control or YopK-3XFLAG plasmid, or infected with DyopJKB bacteria containing YopK-3XFLAG plasmid as additional control. Cell lysates were prepared and immunoprecipitated with anti-YopB antibodies (left and middle panels) or anti-FLAG M2 antibodies (right panel). Immunoprecipitated samples were run on SDS-PAGE and probed with antibodies against YopD (left panel) or YopK-FLAG (middle and right panels). Data are representative of two to three independent experiments. host cell, physically associates with the intracellular side of the T3SS translocon. YopK has been implicated in bacterial virulence (Holmstrom et al., 1995) , but its role during infection remained undefined. We show that YopK prevents recognition of the Yersinia T3SS by the innate immune system. This represents a distinct strategy for inflammasome inhibition and suggests the existence of a class of bacterial proteins that function to mask the presence of secretion systems from inflammasome machinery in order to promote colonization of host tissues. YopK was previously reported to modulate the size of the Yersinia T3SS pore (Holmstrom et al., 1997) , raising the possibility that sensing of the T3SS by the host cell depends on signaling events and bacterial load in mesenteric lymph nodes was determined. Statistical significance was analyzed by Student's two-tailed t test. *p < 0.0002, **p < 0.0001. Data represent two to three independent pooled experiments (A-C) or at least three independent experiments for C57BL/6 mice and two independent experiments for knockout mice (F and G). Error bars represent SEM.
induced in response to pore formation by the T3SS. Alternatively, YopK could act as a gatekeeper to prevent the unintended translocation of small molecules or peptides whose inappropriate translocation might be a signal for inflammasome activation. The Yersinia inner rod protein YscI could be translocated into the cytosol in the absence of YopK, analogous to that of Salmonella PrgJ (Miao et al., 2010) , potentially accounting for the role of NLRC4 in the response to the Yersinia T3SS. Although no homologs of YopK are currently known, functionally analogous proteins may exist in other pathogens.
Flagellin-deficient
Salmonella have reduced capacity to induce inflammasome activation, suggesting that Salmonella may also encode a virulence factor that can block T3SS detection (Franchi et al., 2006; Miao et al., 2006) . Furthermore, while the T3SS is a feature of mammalian bacterial pathogens, these systems serve as colonization factors in mutualistic interactions between bacterial endosymbionts and plant or insect hosts (Coombes, 2009) . Some components of endogenous mammalian microflora may similarly utilize T3SS, necessitating a mechanism analogous to the one illustrated by YopK in Yersinia in order to prevent inappropriately triggering a host immune response.
Detection of the Yersinia T3SS triggers ASC-dependent caspase-1 activation primarily involving the NLRP3 inflammasome, with a contribution of NLRC4 to the response as well (Figure 7 ). This could potentially account for the ASC-independent but caspase-1-dependent cell death triggered by the Yersinia T3SS. Our observations that ASC-deficient mice had lower levels of T3SS bacteria than caspase-1-deficient mice also suggests that NLRC4 may play a greater role in vivo than in vitro. Both NLRC4 and NLRP3 inflammasomes are triggered by Listeria infection, in response to flagellin and listeriolysin O (Warren et al., 2008) . ASC-dependent (but NLRP3-independent) and NLRC4-dependent inflammasomes contribute separately to caspase-1 activation in Legionella-infected cells (Case et al., 2009 ). This suggests that full induction of caspase-1-dependent responses during bacterial infection involves synergy between different inflammasomes responding to the presence of multiple stimuli. Further studies are necessary to determine the precise nature of these stimuli, as well as how activation of the different inflammasomes is coordinated during infection.
Our data demonstrate that YopK prevents ASC-dependent inflammasome activation in response to the T3SS, and that WT bacteria induce a distinct ASC-independent pathway of caspase-1 activation that depends on the activity of YopJ (Figure 7) . How does preventing inflammasome activation in response to the T3SS by YopK function in the context of WT bacteria? Previous studies indicate that while YopJ plays an important role in bacterial colonization following the intestinal stage of infection by Y. psuedotuberculosis (Monack et al., 1998) , YopJ activity may be downregulated during the systemic phase of the infection. YopJ is dispensable for Yersinia virulence when the intestinal barrier is bypassed by either subcutaneous or intraperitoneal infection (Auerbuch and Isberg, 2007; Lemaitre et al., 2006) . Expression of more cytotoxic isoforms of YopJ causes attenuation of both Y. pestis and Y. pseudotuberculosis in vivo, indicating that YopJ must be tightly regulated (Brodsky and Medzhitov, 2008; Zauberman et al., 2009 extracellular Yersinia by uninfected macrophages, which plays an important role in host resistance to infection (Bergman et al., 2009) . It is possible that expression or translocation of YopJ may be limited during infection of systemic sites in vivo, pointing to a situation in which YopK would play an important role in preventing detection of the T3SS. Indeed, YopK-deficient bacteria are attenuated relative to either isogenic WT or YopJ-deficient strains, and this virulence defect is ameliorated in the absence of caspase-1. Our data further demonstrate a critical role for caspase-1 in resistance to both WT and YopJ-deficient Yersinia, and also suggest that in the context of other virulence factors YopK plays another role in virulence in addition to preventing inflammasome activation. Collectively these studies suggest that different sets of virulence factors function during different stages of infection. Thus, similar to more complex multicellular parasites, bacterial pathogens may employ unique pathogenicity programs at different stages of infection. Elucidating these pathogenicity programs during infection will provide important insight into the roles of different virulence factors within distinct host environments.
EXPERIMENTAL PROCEDURES Cell Culture and Infection Conditions
Mice were housed in accordance with National Institutes of Health (NIH)-and Yale Animal Resources Center (YARC)-approved guidelines, and all studies involving mice were performed in accordance with approved Yale University Institutional Animal Care and Use Committee (IACUC) protocols and procedures. Knockout mice used in these studies have been previously described (Sutterwala et al., 2006 (Sutterwala et al., , 2007 . Bone marrow cells were grown at 37 C in a humidified incubator in DMEM containing HEPES, 10% FCS, and 30% L929 supernatant for 7-8 days. Differentiated BMMs were replated into 12-or 24-well dishes 16-20 hr prior to infection. Bacterial strains are described in Table S1 . Yersinia were grown overnight with aeration in 2xYT broth at 26 C. The bacteria were diluted into fresh 2xYT containing 20 mM sodium oxalate and 20 mM MgCl 2 . Bacteria were grown with aeration for 1 hr at 26 C followed by 2 hr at 37 C. Salmonella were grown overnight in LB medium at 37 C with aeration, diluted into fresh LB containing 300 mM NaCl, and grown standing at 37 C for 3 hr. Bacteria were washed three times with prewarmed DMEM, added to the cells at an moi of 20:1, and spun onto the cells at 1000 rpm for 5 min. Cells were incubated at 37 C for 1 hr postinfection followed by addition of 100 mg/mL gentamicin.
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Mouse Infections Eight-to ten-week-old age-and sex-matched mice were infected intraperitoneally with 5 3 10 4 to 1 3 10 5 or orally with 5 3 10 8 bacteria. Mice were sacrificed and the tissues and sera harvested at indicated times postinfection. Bacterial load was determined by plating dilutions of tissue homogenates, and serum cytokines were measured by sandwich ELISA as described above. Serum IL-18 was detected with anti-IL-18 capture and detection antibodies (MBL International).
Western Blotting and Antibodies
Cells were lysed in 20 mM HEPES, 150 mM NaCl, 10% glycerol, 1% Triton X-100, and 1 mM EDTA. Lysates were mixed with protein loading buffer, boiled, centrifuged, and 20% of the total cell lysate loaded onto 4%-12% NuPAGE gels (Invitrogen). Proteins were transferred to PVDF membrane (Millipore) and blotted with rabbit anti-mouse caspase-1 antibody (sc-514, Santa Cruz Biotechnology). Secondary antibodies were goat anti-rabbit or anti-mouse HRP (Jackson Immunoresearch). Rabbit anti-p-GSK-3b (Cell Signaling) was used to detect translocation of GSK-3b-tagged proteins. Processed IL-1b was immunoprecipitated as described (Mariathasan et al., 2004) and detected with with the 3ZD monoclonal antibody (Biological Resources Branch, National Cancer Institute).
Coimmunoprecipitation
Cells were washed three times with PBS 2 hr postinfection. Cells were lysed on ice in 50 mM Tris, 150 mM NaCl, 1% digitonin with complete protease inhibitors (Roche). Cell lysates were precleared with protein G agarose beads (Invitrogen) followed by immunoprecipitation with anti-YopB polyclonal antibodies (Ryndak et al., 2005) and immunoblotting for YopD using mouse anti-YopD monoclonal antibodies (Noel et al., 2009) or anti-FLAG M2 monoclonal antibodies (Sigma). Detection was performed using HRP-conjugated TrueBlot anti-mouse IgG (eBiosciences).
Cell Death Assays
BMMs were seeded into 96-well plates at a density of 5 3 10 4 cells per well.
Prior to infection, medium was replaced with DMEM lacking phenol red. All subsequent steps were performed in this medium. Cells were infected as described above and supernatants harvested at indicated times postinfection. Lactate dehydrogenase release was quantified using the Cytotox96 Assay Kit (Promega) according to the manufacturer's instructions.
Cytokine Production
BMMs were pretreated with E. coli LPS (Sigma) for 3 hr prior to bacterial infection as described above, and supernatants were harvested 2 hr postinfection. Release of proinflammatory cytokines was measured by enzyme-linked immunosorbent assay (ELISA) using capture and detection antibodies against IL-6, TNF-a, (BD Pharmingen), or IL-1b (eBioscience).
Immunofluorescence
BMMs were seeded onto glass coverslips and infected with indicated bacterial strains as described above. One hour postinfection cells were washed, fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and blocked with 5% BSA. Cells were stained with anti-FLAG M2 antibodies (Sigma) and anti-total Yersinia antibodies, followed by labeling with anti-mouse Alexa488 and anti-rabbit Alexa594 (Molecular Probes). After antibody labeling, cells were counterstained with DAPI and imaged using an AxioPlan 2 epifluorescence microscope (Carl Zeiss).
Statistical Analysis
Plotting of data and statisitical analysis was performed using Graphpad Prism 4.0 software, and statistical significance was determined by unpaired twotailed Student's t test.
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